
Inelastic processes of light scattering in alkali-metal vapor. 
Molecular fluorescence 

A. M. Bonch-Bruevich, S. G. ~rzibel'sk;, and V. V. Khromov 

(Submitted August 20, 1976) 
Zh. Eksp. Teor. Fiz. 72, 1738-1748 (May 1977) 

Results are presented of an experimental investigation of two types of processes in the gas phase: a) 
Cs+Cs*-Cs,+ho and b) Cs+Cs+ hol+Cs2*+Cs2+ hw,; Rb+Rb+ho,+Rb,*+Rb,+ ho,. The 
efficiency of these processes is investigated as a function of the exciting-radiation, power and wavelength 
as well as of the pressure of the monatomic vapor in the range 0.1-10 Torr. A large efficiency of 
production of molecules from atoms is observed (5% of the total number of atoms). The binding of the 
atoms into molecules in a radiation field is interpreted as free-bound transitions between the electron- 
translational and electron-vibrational molecular states of the pair of colliding atoms. The main 
contribution to the observed processes is made by atoms that collide at velocities and impact distances that 
ensure a prolonged stay of the atoms near each other (the orbiting state). The appearance of orbiting 
states in the absorption spectrum of Rb and Cs vapor is noted. 

PACS numbers: 33.50.Dq 

1. The influence of the radiation field on the dynam- 
ics of the collision of atoms was discussed by us in an 
earlier article, where we reported observation of in- 
elastic scattering of light, in alkali-metal vapor ac- 
companied by a change in the energy of the relative 
translational motion of the atoms. These processes 
are  the result of an instantaneous change of the poten- 
tial of the interatomic interaction when a light quantum 
is absorbed by the colliding atoms. The associated 
change in the character of the interaction of the collid- 
ing particles can lead, under definite conditions, to a 
transition of the atoms in the radiation field into a bound 
molecular state. The present communication i s  de- 
voted to an investigation of such processes. 

2. Two of the possible processes that result in a 
transition of a pair of colliding atoms from a state of 
infinite motion into a bound state are illustrated in Fig 
1. Both processes are realized when the atoms come 
SO close together that they f a l l  in the range of action of 
the molecular forces. The first  of these processes 
(Fig. la)  occurs when a photon is absorbed by two col- 
liding unexcited atoms and a molecule i s  produced in 
the excited state. 

The second process (Fig. lb) corresponds to collision 
of an-excited and an unexcited atom with simultaneous 
spontaneous emission of a photon, which leads to a 

FIG. 1. Binding of two colliding atoms into a molecular state: 
a) i n  collisions of unexcited atoms: b) i n  the collision of an  un- 
excited atom with an  excited one. 

transition of the atoms to a bound molecular ground 
state ("recombination with irradiation" l2]). Both pro- 
cesses can be described as photoreactions of the type 

The observation and investigation of these phenomena 
under laboratory conditions entails a number of difficul- 
ties. First, the investigated processes have low effi- 
ciency because of the strong adiabaticity of the free- 
bound transitions: the probability of these transitions 
i s  low to the extent that the Franck-Condon overlap in- 
tegral of the wave functions of the particle motion in the 
free and bound states i s  small. Second, for a reliable 
registration of such processes it i s  necessary that the 
multiparticle collisions (triple, etc.) be rare  in com- 
parison with binary collisions, a situation realized in 
rarefied media. But since the time during which the 
distance between the atoms is small (on the order of 
several angstroms in the quasimolecule states) i s  of the 
order of 10"~ sec and is small both in comparison with 
the time between collisions (10~~-10" sec at a pressure 
of 1 ~ o r r )  and with the lifetime of the excited atom 
( l W R  sec for allowed transitions), to use intense radia- 
tion fluxes it  is necessary to produce enough bound pairs 
of atoms to be registered. 

3. The investigated object of alkali-metal vapor (Rb 
and Cs). Saturated vapor of these metals is a two-com- 

FIG. 2. Approximate level 
scheme of alkali-metal atoms.' 
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ponent equilibrium mixture of atoms and molecules with 
a concentration ratio N,,,/N,- l0-~-10-~ and N,- 10'~-10'~ 
cm-3 at T - 300-380 "C. An approximate level scheme 
of the alkali metals is shown in Fig. 2, c51 and the ab- 
sorption spectra of rubidium a id  cesium vapor can be 
found, fo r  example, in["21; these spectra constitute two 
molecular absorption bands connected with the transi- 
tions 'c; - 'C: and 'C; - 'nu and located respectively on 
the long-wave and short-wave sides of the atomic D 
lines of the principal doublet. 

4. The first  process-a transition of a pair of collid- 
ing unexcited atoms into a bound excited molecular 
state-was investigated by us  following excitation of Rb 
and Cs vapors by neodymium-laser radiation (A = 1060 
nm). We observed in this case molecular fluorescence 
in the region of the short-wave bands 'nu - 'c,' of both 
Cs, and Rb,. The onset of fluorescence in this region 
of the spectrum cannot be ascribed to excitation of the 
molecules into the 'II, state from the ground '7,; state a s  
a result of direct transitions under the influence of the 
incident laser  radiation, since the quantum energy of 
this radiation was much lawer than the minimum nec- 
essary for such transitions. The energy deficit, deter- 
mined from the data ofc2*31 was -400 cm-' for Cs2 and 
- 1200 cm-' for Rb,. 

A possible mechanism of excitation of the molecules 
into the 'nu state might be the process of resonance 
transfer of excitation energy from atoms of molecules," 
inasmuch as  at the employed laser  intensities there 
were many excited atoms in the system (the mechanism 
of nonresonant excitation of atoms discussed by us  ear- 
lier"]). However, the observed large difference be- 
tween the durations of the molecular and atomic fluo- 
rescence cannot explain the observed molecular fluo- 
rescence as  being due to such an excitation transfer. 
The duration of the molecular fluorescence did not ex- 
ceed 2 X 10" sec  (the time resolution of the employed 
apparatus) and was smaller by at least one order of 
magnitude than the duration of the atomic fluorescence 
(2x 10'' sec). The latter was determined by the pro- 
cesses of capture of the spontaneous radiation of the 
atoms at the D-line wavelengths. 

A second conceivable mechanism, the transfer of ex- 
citation from the excited 'c: state to the 'II, state fol- 
lowing collision of excited molecules with unexcited 
atoms, cannot be the main cause of the excitation of the 
'II, state, owing to the difference of the dependences of 
the fluorescence intensity of the 'c: - 'Cf and 'II, - 'Cf 
bands on the excitation intensity Io. The fluorescence 
intensity of the long-wave band - 'c; increases in 
proportion to the square root Zo (at I,> lo3 w/cm2), 
whereas the fluorescence intensity in the vicinity of the 
'nu - 'C; band was proportional to I,,. 2, 

Finally, i t  was established that the intensity of the ob- 
served molecular fluorescence depends linearly on the 
intensity of the exciting radiation (up to  an intensity - 10' w/cm2) and is proportional to the square of the 
concentration of the atoms. 

The aggregate of the described results allows us to 
conclude that the observed fluorescence is due to spon- 

taneous decay of the excited molecules that a r e  pro- 
duced when two colliding atoms go over to the excited 
state when they absorb a laser-emission quantum. A s  
a result of the spontaneous transition, stable molecules 
a re  produced in the 'xi ground state. 

It was further established that the dependence of the 
emission intensity of the Cs vapor in the region of the 
short-wave band on the excitation intensity Zo deviates 
from linearity at Io> 10' w/crn2 (Fig. 3). There can be 
two possible causes of this deviation: 1) saturation of 
the free-bound transitions by the exciting radiation, and 
2) competition in the depletion of the excited molecular 
state between the spontaneous transitions into the bound 
'c; state and stimulated transitions into the continuum of 
the same state. We note that the registered radiation 
is connected only with the spontaneous transitions. 

We attribute the observed nonlinearity to the second 
cause, inasmuch a s  at the atom concentrations realized 
under the conditions of our experiments the probability, 
per unit time, of binding of atoms by radiation is much 
lower than the corresponding probability of disintegra- 
tion, by the same radiation, of the produced excited 
molecules as a result of induced transitions to the ini- 
tial states of the fly by atoms (Fig. la). The radiation 
intensity at which the probabilities of the processes that 
deplete the excited molecular state become equalized 
is determined by the relation y = W, where y" is the 
radiative spontaneous lifetime of the excited state, 
- 2x lo-' sec, and W is the probability per  unit time of 
disintegration of an excited molecule via induced tran- 
sitions. The relation y = W, rewritten in the form 
y =cNu, where N is the photon flux density at the inten- 
sity I,, = 10' w/cm2, enables us to determine the photo- 
decay cross  section a, which turns out to be = 3 X  10"~ 
cm2 and i s  of the order of the photodissociation cross 
sections, This result is somewhat unexpected, if i t  is 
recognized that the vapor fluorescence in the region of 
the short-wave molecular band is due to direct radia- 
tive excitation of the 'II, state, since this process is 
adiabatically strongly forbidden (the Massey parameter 
for this transition is 5,- 50~)).  It is more natural to at- 
tribute the excitation of this fluorescence to transitions 
from the continuum of the ground 'xi  state to high-lying 
vibrational-rotational levels of the excited 'E: state 
(this transition is allowed in accordance with the 
Franck-Condon principle). Inasmuch as these levels lie 
near the bottom of the potential curve of the 'nu state 
(Fig. 2), the spontaneous transitions 'C: - 'z; lead to 
the appearance of fluorescence with wavelengths that 
l ie in the region of the short-wave molecular band. 

l !Sm 

FIG. 3. Dependence of the 
fluorescence intensity of 
cesium vapor in the 'nu 
- ' x i  band on the excitation 

I 
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FIG. 4. Emission spectrum of cesium vapor excited to an 
atomic line (the intensities of the atomic lines are decreased 
by a factor of 20). 

5. The second binding process-recombination of 
atoms with radiation-was investigated in C s  vapor 
(N,- 1015 - 10" cm") by observing the fluorescence fol- 
lowing excitation of the vapor by a tunable organic-dye 
laser with a power density Io- 10' w/cm2, a pulse dura- 
tion - 2X lo-' sec, and an emission-spectrum width 
- 2 cm-'. When Cs atoms were excited in the vicinity of 
the D, line (A =825.1 nm), we observed simultaneously 
with the atomic emission also the molecular bands 'IT, 
- 'c; and ',Xi - ' ~ f .  Their presence is due to the direct 
excitation of the corresponding transitions by the laser  
radiation. This is confirmed both by the linear depen- 
dence of the intensity I, of the molecular fluorescence 
on the concentration of the molecules, and by the char- 
acter of i ts  dependence on the excitation power @,-lo) 
a t  low intensities and I, - at  a power density I,,> lo5 
w/cm2 ['I). In addition, the fluorescence intensity was 
practically independent of the frequency detuning of the 
exciting radiation relative to the frequency of the D, 
line of Cs in a detuning range 200 cm". Finally, the 
molecular-fluorescence pulse duration was determined 
by the temporal resolution of the recording apparatus 
[2x lo-' sec) and was much shorter than the duration of 
the fluorescence pulse of the C s  atoms in the D lines 
(2 x lo-' sec). 4 '  

Besides the known molecular bands, the fluorescence 
spectrum revealed two new bands near A = 697 and 728 
nm, of widths = 10 nm (the fluorescence spectrum of the 
vapor is shown schematically in Fig. 4). The fluores- 
cence intensity in these bands increased in resonant 
fashion with decreasing detuning of the excitation fre- 
quency relative to  the D, line, and the kinetics coincided 
with that of the fluorescence of the atoms in the D 
lines. " The distance between the new bands was close 
to  the distance between the D lines of the C s  atoms. 
The emission intensity of these new bands was propor- 
tional to the square of the atom concentration and in- 
creased linearly with the number of excited atoms; this 
number was determined from the atomic-line emission 
intensity. The integrated fluorescence intensity in the 
new bands, at a cesium atom concentration 2X 10'' cmm3, 
was approximately one order of magnitude larger than 
the intensity of the molecular emission in the ordinary 
bands (Fig. 4) and constituted - 5% of the integrated in- 
tensity of the atomic fluorescence. 

6. The appearance and the singularities in the behav- 
ior of the new 697 and 729 nm bands can be qualitatively 

explained within the framework of the concepts de- 
scribed above concerning the binding of an excited atom 
colliding with an unexcited one into a bound ' ~ f  ground 
state (Fig. lb). The energy deficit of the scattered and 
excited emission quanta is supplemented in this case by 
the loss of energy of the colliding particles, which go 
over into a bound molecular state that l ies below the en- 
ergy levels of the f ree  atoms. 

An unexpected feature was the small width of the ob- 
served bands and the high efficiency of the recombina- 
tion process (according to the measurement data, the 
recombination cross  section was = lomi4 cm2). We note 
that the recombination efficiency measured by determin- 
ing the ratio of the emission intensities in the new bands 
and at the wavelengths of the D lines increases substan- 
tially because of the capture of the radiation in the atom- 
ic  lines (under the experimental conditions, the effective 
lifetime of the excitation of the atoms due to capture in- 
creases by approximately 100 times), but even this in- 
crease cannot ensure s o  high an efficiency of the binding 
process. Both mentioned facts point to the presence in 
the system of colliding atoms of preferred states, spon- 
taneous transitions from which to the bound 'c; state a re  
much more probable than the ordinary recombination 
transitions that occur during a flight time - 10'12 sec. 

The appearance of preferred states in the continuous 
spectrum corresponding to infinite motions is usually 
due to the presence of singularities in the phase of the 
scattering matrix. Such singularities arise only in scat- 
tering by potentials having an attraction region, and 
point to the existence of prolonged quasi-finite motions 
of the particles next to one another. 

In this paper we confine ourselves to examination of 
the simplest model of such quasi-finite motions, and at- 
tribute them to the phenomenon of the classical "orbit- 
ing."') The gist of this phenomenon is the following: 
when describing the motion of the particles in the field 
of a central potential U(Y), the radial motion can be re-  
duced to one-dimensional with the aid of an effective 
radial potential U,(r): 

where p is the particle mass, M is the orbital angular 
momentum (M = A  d m ) )  , and I is the orbital quantum 
number. The effective potentials for a number of values 
of I are  shown schematically in Fig. 5. It is seen from 
the figure that the atoms whose energies E,  and impact 
parameters I ,  satisfy the condition a) 

FIG. 5. Forms of the effec- 
tive molecular potentials for 
different orbital quantum num- 
bers. 

- 
r 
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and the condition b) 

will execute infinitely prolonged rotation about the cen- 
ter, since the point r =ro is the stopping point in the 
case of one-dimensional motion (in Fig. 5, this situation 
corresponds to the energy co and the orbital number lo). 
The particles whose collision parameters a re  close to 
c0 and lo will stay a limited time near the center and will 
execute several revolutions. These motions and the 
corresponding quantum states will henceforth be called 
orbiting states. It is obvious beforehand that transi- 
tions from these states a r e  most probable simply by vir- 
tue of the longer stay of the atoms close to one another. 

To compare the consequences of the proposed explana- 
ation with the experimental data, we have estimated a 
number of quantities on the basis of an approximation of 
the molecular terms of the ground (I) and excited (11) 
states by Morse potentials 

where D is the depth of the potential well, ro is the co- 
ordinate of the minimum of the potential, p is a char- 
acteristic of the width of the potential well and is con- 
nected with the frequency wo of the first  vibrational 
transition by the relation 

The conditions a) and b) make i t  possible to  determine 
all the necessary characteristics of the orbiting state. 
In the calculations we chose the following parameters 
for the molecular potentials of ~ s ~ ~ ~ ~ ~ ~ :  D" =2140 cm-', 
wi' = 34 cm-', r:'=4 Iff8 cm for the excited 'TI, state 
and D' = 3200 em-', wi =42 cm", r: = 5.5 10" cm for 
the ground 'c; state. The numerical solution of Eqs. 
a) and b) for the 'TI, state make it possible to obtain the 
quantities ro = 6 10'' cm, 1, = 500, &, = 790 cm-' and the 
impact distance = ~ 1 ~ / ( 2 j . ~ c ~ ) ' / ~  = 0.6 10-I cm. The ob- 
tained estimates7' show that an orbiting state se ts  in for 
atoms that collide with a relative-motion kinetic energy 
on the order of thermal (kT =400 cm") and sufficiently 
large impact parameters (average distance between 
atoms - 10'~ cm). 

The calculated values of the parameters of the orbit- 
ing states were not measured directly, but their values 
point to a realistic possibility of the manifestation of 
these states in the investigated system. The quantities 
that permit a direct comparison with experiment a re  
the position and the width of the spectrum of the recom- 
bination-emission band, which were determined from 
the following considerations. 

We note f i rs t  of all that under conditions of quasi- 
classical motion the Franck-Condon principle is strin- 
gent, and calls for "verticality" of the transitions from 
one state to another. Further, since the proton carr ies  
away a unity angular momentum in the dipole transition, 

the quantum orbital number 1 remains practically un- 
changed on going from the orbiting 'nu state to the 
ground 'c: state, and therefore the energy of the spon- 
taneous-emission quantum is practically independent of 
1 and is determined only by the relation 

ha = UI1 ( r )  - U1 ( r )  . 

Substituting r =ro in the corresponding expressions for 
the potential, we obtain the following values for the 
wavelengths .of the transitions from two (with allowance 
for the spin-orbit splitting) orbiting states 'XI, to the 
ground 'c; state: XI = 744 nm and A, =713 nm; in view of 
the roughness of the assumed approximations, this 
agrees well with the observed positions of the bands 
(A =728 and 697 nm). We note that at 2 =  lo the effective 
potential of the ground 'c;  state still remains a binding 
potential, since the depth and slope of the ground state 
' ~ f  are  larger than those of the excited 'XI,. The bind- 
ing follows also from energy considerations, since the 
energy of the exciting quantum (A = 852.1 nm) is much 
less  than the energy of the emitted quantum (A- 700 nm). 

To estimate the spectral  width of the recombination 
band we shall use a method frequently employed in the 
calculations of photodissociation ~ ~ e c t r a . [ ~ * ~ '  In this 
method the wave functions of the final state a r e  assumed 
to be 6 functions that differ from zero only at the turn- 
ing points of the classical trajectories. The shape of 
the fluorescence band is obtained in this method by 
mapping the contour of the wave function of the initial 
state on the line that represents the term of the final 
state. In order to ascertain the form of the wave func- 
tion in the vicinity of the orbiting point yo, we expand 
the function ~ " ( r )  in a ser ies  in the vicinity of this 

!O point and retaln only the f i rs t  nonvanishing terms: 

where < =r - r,. Far a particle moving with energy co- 
the radial wave function R,(Y) = x , ( ~ ) / ~  in the vicinity of 
4 = 0  can be determined from the equation 

where B, =O. 07 2p0p36-a. A particular solution of this 
equation i s  x,([) =N-' J ~ / ~ [ {  ( B ~ < ~ ) ' / ~ ] ,  where N is a nor- 
malization constant and J ~ / ~ ( X )  is a Bessel function of 
order 1/5. The function X,(<) has in the vicinity of < = 0  
a sharp maximum whose width A[ is determined from 
the condition $ (B,A<~)"~= 1, which in our case goes over 
into A <  = 8 . lo-' cm. The width of the fluorescence band 
is obtained by multiplying the slope of the potential 

,"- 
curve of the '~:"state at the point ro by the quantity A < ,  
and amounts to U:,(Y~)A< =25 cm-'. The difference be- 
tween the calculated and the measured (- 150 cm-') val- 
ues of the widths of the fluorescence bands can be at- 
tributed to a band broadening that is  inhomogeneous in 
1 and c and whose value i s  impossible to calculate at the 
present time because of the difficulties in estimating 
the regions of the impact parameters 1- lo and energies 
& - c0 that make the main contribution to the orbiting. 
For the same reason, i t  is also impossible to estimate 
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the cross section of the recombination process. 

In conclusion, we remark on the fate of the bound 
pairs of atoms. Since the energy of the produced mol- 
ecules in the ground 'xi state corresponds to strongly 
excited rotational states, while the dimensions of the 
molecules a re  large enough, one should expect them to 
dissociate effectively when they collide with atoms. We 
have attempted to register the increase of the total num- 
ber of molecules by determining the change of the mo- 
lecular absorption after excitation of cesium vapor by 
radiation from an organic-dye solution laser. Even 
though we estimated the number of produced molecules 
at double the number of the initial n2olecules in the ex- 
citation volume, ') the attempt was unseccessful, possi- 
bly because of the competing process of photodecay of 
the molecules under the influence of the powerful radia- 
tion. 

7. In the same spectral region (X = 680-740 nm) 
where the two new fluorescence bands of the cesium va- 
por were registered, we have observed singularities in 
the vapor absorption spectrum ( ~ i g .  6a). We attribute 
the two structured bands of width - 10 nm, to transitions 
from the ground ' ~ f  state to two (with allowance for the 
spin-orbit splitting) excited orbiting states. A confir- 
mation of this assumption is the fact that both bands ap- 
peared in the excitation spectrum of the atomic line, 
i. e., the resonant character of the dependence of the 
intensity of the emission of the atomic line on the ex- 
citing-radiation wavelength, which was varied in the 
vicinity of the position of these absorption bands (Fig. 
6b). The source of the exciting radiation in this exper- 
iment was a DKSSh-5000 lamp whose radiation was 
monochromatized with a DFS-12 spectrometer. The 
width of the excitation spectrum was 0.4 nm. When the 
vapor was excited by the lamp at a wavelength coincid- 
ing with the position of one of these bands (A = 714 nm), 
we observed almost complete absence of emission in the 
molecular band 'TI, - 'Cf (X = 760 nm). Only atomic flu- 
orescence was observed with this ex~ i ta t ion .~ '  This 
means that the observed singularity in the absorption 
spectrum and in the excitation a re  connected with tran- 
sitions of the molecules into states that lie higher than 
the dissociation energy of the excited molecular states, 
and their narrowness and intensity confirm the orbiting 
nature of these states. 

8. The considerations advanced above concerning the 
manifestation of orbiting states in the form of singular- 

kI 
680 700 720 A, nm 

! !k 
FIG. 6. Absorption spectrum 
(a) and excitation spectrum of 
the atomic lines (b) of cesium 
in the region 680-750 nm. 

680 700 720 A, nm 

ities in the spectra of the absorption or  emission of 
light by the colliding atoms can be used to observe new 
orbiting states. It is easily understood, for example, 
that when tv~o unexcited atoms collide, orbiting is pos- 
sible in the ground ' ~ f  state because of the binding char- 
acter of this term. The orbiting parameters, calculated 
in analogy with the procedure described for the 'II, term, 
turned out to be (for Cs,): ro =7.1 . 10'' cm, Z0=900, 

= 10" cm, c0 = 2000 cm". It is to be expected that the 
most intense transition from this orbiting state should 
be a transition to a bound excited state. At values 
1- 900, the effective potential of only one excited state 
'c: remains binding. This circumstance is due to the 
large depth of the well of this state in comparison with 
the energy of the ground 'c: state. The calculated wave- 
length corresponding to transitions from the orbiting 
state 'Cf to the state 'c: turned out to be X = 1180 nm 
for Cs and A = 1070 nm for Rb. The absorption spec- 
trum of Rb and Cs vapor in this range of wavelengths 
was measured inclol (Fig. 5) and i t  was shown that in the 
region adjacent to the edge of the molecular band 'Cf 
- 'c:, at  high saturated-vapor temperatures, new nar- 
row (- 200-300 cm"' wide) molecular bands (X = 1100- 
1190 nm for C s  and X =  1000-1080 nm for ~ b )  appear, 
and the intensity of these new bands increases with in- 
creasing temperature more strongly than the intensity 
of the usual molecular band 'Cf - 'c: lo). The dependence 
of the intensity of these bands on the concentration of the 
atoms is close to quadratic, thus confirming the colli- 
sion character of the bands in question. 

The onset and the behavior singularities of the long- 
wave absorption bands can be explained within the 
framework for the proposed model as transitions from 
the lower orbiting 'Cf state to an upper 'z: state. We 
note that in contrast to the previously discussed pro- 
cesses, in this case the two atoms a re  bound into a mol- 
ecule only in the excited state. After the spontaneous 
emission of the radiation quantum at a frequency close 
to the excitation frequency, the produced molecule de- 
cays (owing to conservation of the orbital angular mo- 
mentum) into a state of free (orbiting) atoms. It follows 
from the proposed model that in the case when the radia- 
tion is excited by short pulses into long-wave bands, flu- 
orescence should be observed at the excitation wave- 
length, with a duration of the order of the duration of the 
usual molecular band. These consequences were veri- 
fied experimentally by exciting Rb vapor with neodym- 
ium-laser radiation (A = 1060 nm). An intense fluores- 
cence was observed in this case both at the excitation 
-wavelength and in the region of the 'Cf -'xi band. The 
dependence of the radiation intensity on the excitation 
power lo turned out to be different in this case: in the 
band at the 1060 nm wavelength it is linear up to 1, = 5 
x lo4 w/cm2, and then increases in proportion to Go 
(Fig. 7a), while in the band of the 'Cf -'c: transition 
(A = 900 nm) it was proportional to Go in the entire range 
of employed powers (in the latter case, the low sensitiv- 
ity of the employed setup did not make i t  possible to 
measure the region of the linear dependence a t  low pow- 
ers.  According to the data ofc4], the region of linear 
dependence appears a t  l o <  10' w/cm2. The fluores- 
cence-pulse duration in both bands was the same (- 10" 
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FIG. 7. Dependence of the emission of rubidium vapor: a) in 
the 1050 nm region; b) in the '2: - '2; band (A = 900 nm) on the 
radiation intensity I of the exciting neodymium laser. 

sec )  and w a s  determined by the tempora l  resolut ion of 
the installation. 

The observed c h a r a c t e r  of the f luorescence can b e  ex- 
plained within the f ramework  of the  proposed mecha- 
nism of formation of new bands, and contradicts  the as- 
sumption that  they are of intercombination origin, s ince  
the duration of the  emiss ion  of these bands at the  ex- 
citation frequency is of the s a m e  o r d e r  as the  durat ion 
of the allowed transi t ion - 'C:. T h e  l a r g e  power 
density (compared with t h e  ordinary molecular  t rans i -  
tions) at which the  t ransi t ion takes  place f r o m  the  re- 
gion of the l inear  dependence t o  the  square-root  depen- 
dence is due to the s h o r t  t i m e  that the  a toms  s tay  near  
one another. 

It should b e  noted i n  conclusion that  despi te  the  qual- 
itative agreement  obtained between t h e  r e s u l t s  of the  
proposed mechanism and the experimental  data, we  are 
f a r  f r o m  a complete identification of the observed s in-  
gularities i n  the absorpt ion and emiss ion  s p e c t r a  of a 
sys tem of colliding a toms  with the phenomenon of clas- 
sical orbiting. The  proposed model should b e  regarded 
only as one of the possible  ones, but one that  re f lec t s  
well the main fea tures  of the  phenomena connected with 
the presence  of quasi-finite motions i n  the investigated 
systems.  

9. On the basis of the  results of our  investigation we  
can  conclude that  the  dynamics of a tomic collisions c a n  
change substantially in  the p resence  of a radiation field. 
This  applies not only to the  change of the energy of the 
t ranslat ional  motion of the  atoms,  but  also to the pos- 
sibility of the i r  t ransi t ion to a bound molecular  state; 
the energy of the chemical  react ion is drawn i n  this  
case f r o m  the  radiat ion f ie ld o r  else is given up to t h e  
field. A study of reac t ions  of th i s  type may t u r n  out t o  
b e  quite interest ing f r o m  the  point of view of d i rec ted  
stimulation of chemical  reac t ions  by laser radiation. 

The  l a r g e  effectiveness of the observed binding of the 
a toms  may p e r m i t  a substant ial  change i n  the thermo- 
dynamic equilibrium between the  atomic and molecular  
components and a m o r e  care fu l  investigation of the in- 
teract ion between them. 

The observation of quasi-finite motions i n  pa i red  col- 
l is ions of a toms  s e e m s  part icular ly interest ing to us. 
These  motions cor respond  to specif ic  emiss ion  (or  ab- 

sorption) bands of light,  which are presen t  in the spec- 
tra of the isolated a t o m s  or molecules. An investiga- 

tion of the states corresponding to these  motions per- 
m i t s  a n  es t imate  of t h e i r  influence on the kinet ics  and 
on t h e  effectiveness of the  recombination processes and 
chemica l  react ions i n  the g a s  phase, and wil l  a l so  un- 
c o v e r  a new possibility of obtaining s t imulated emission 
on  t ransi t ion f r o m  s u c h  states i n  flyby molecules. 

l)1n view of the low concentrations, molecule-molecule colli- 
sions have practically no effect on the processes in question. 

2 ) ~ h e  direct proportionality of the fluorescence of the 'Z: - 'Zf 
transition to is a consequence of the molecule nonreso- 
nant excitation whose mechanism was discussed inC4]. 

3 ) ~ h i s  fact was pointed out to us by S. I. Yakovlenko. 
4 ) ~ t  large concentrations of the Cs atoms (- 10'' cmm3) the 

molecular-fluorescence pulse contained also a longer com- 
ponent, the shape of which coincided with the shape of the 
fluorescence pulse of the Cs atoms in the D lines. The am- 
plitude of the prolonged component did not exceed 1-10% of 
the amplitude of the pulse itself. The prolonged emission 
can be naturally attributed to excitation transfer from the 
atoms to the molecules. 161 

5 ) ~ h e  fluorescence in the Dl line is probably due to intramul- 
tiplet transitions, the manifestation of which was ob- 
served in a somewhat different kinetics of the fluorescence 
in the Dl and D2 lines. 

6 ) ~  quantum-mechanical description of "orbiting" was un- 
dertaken inCT1. 

" ~ h e s e  estimates are only approximate for lack of exact data 
on the values of re for the molecular states of Cs2. 
The cesium vapor was excited by focused laser radiation. 
The excitation volume was 3 x 10- of the total volume of 
the cell. 

 he observation of emission in the 700-730 nm region was 
obstructed by parasitic scattering of the exciting radiation 
in the cell with the vapor. 

'O)~he new bands observed in the observation spectra were in- 
terpreted inCto1 as  a manifestation of intercombination transi- 
tions from the ground state '2: to a bound excited triplet 3?ru 
state. See alsoc1'] concerning this question. 
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